We have previously shown nutritional intervention with fish oil (n-3 PUFA) to reduce numerous complications associated with the metabolic syndrome (MetS) in the JCR:LA-corpulent (cp) rat. In the present study, we sought to explore the potential role of fish oil to prevent glomerulosclerosis in JCR:LA-cp rats via renal eicosanoid metabolism and lipidomic analysis. Male lean and MetS JCR:LA-cp rats were fed a lipid-balanced diet supplemented with fish oil (5 or 10 % of total fat). After 16 weeks of feeding, albuminuria was significantly reduced in MetS rats supplemented with 5 or 10 % fish oil (2 53 and 270 %, respectively, compared with the untreated MetS rats). The 5 % fish oil diet resulted in markedly lower glomerulosclerosis (2 43 %) in MetS rats and to a lesser extent in those supplemented with 10 % fish oil. Interestingly, untreated MetS rats had higher levels of 11-and 12-hydroxyeicosatetraenoic acids (HETE) v. lean rats. Dietary fish oil reduced these levels, as well as other (5-, 9-and 15-) HETE. Whilst genotype did not alter prostanoid levels, fish oil reduced endogenous renal levels of 6-keto PGF 1a (PGI 2 metabolite), thromboxane B 2 (TxB 2 ), PGF 2a and PGD 2 by approximately 60 % in rats fed 10 % fish oil, and TxB 2 (250 %) and PGF 2a (241 %) in rats fed 5 % fish oil. In conclusion, dietary fish oil prevented glomerular damage in MetS rats and mitigated the elevation in renal HETE levels. These results suggest a potential role for dietary fish oil to improve dysfunctional renal eicosanoid metabolism associated with kidney damage during conditions of the MetS.
associated with development of the disease, and inhibition of this enzyme results in nephroprotection (16 -20) .
Renal 12-HETE is a product of the 12/15 LOX enzyme and is a vasoconstrictor in the kidney (20) , which also has been shown to be associated with experimental diabetic nephropathy (21 -23) . Pharmacological inhibition or gene knockout of 12/15 LOX reduces glomerular volume, mesangial cell hypertrophy, extracellular matrix formation and proteinuria (24 -26) . Such effects of select eicosanoids in diabetic nephropathy suggest a role in renal injury during the MetS. Due to the multiple interactions and roles of select eicosanoids in the kidney (20, 27) , understanding changes in both prostanoids and HETE may reveal mechanisms underlying renal injury during the MetS.
Fish oil (n-3 PUFA) can both compete with ARA for eicosanoid synthetic enzymes as well as inhibit these enzymes. Furthermore, eicosanoids derived from n-3 PUFA are generally less potent than those derived from ARA (28 -30) . Supplementation with n-3 PUFA provides nephroprotection in a variety of models of renal disease (31 -37) . Hence, the objectives of the present study were to determine the long-term renal effects of fish oil feeding in a model of the MetS, with a particular focus on glomerular injury and renal eicosanoids.
Materials and methods

Animal model and experimental procedures
Male JCR:LA-cp rats, both with the MetS (cp/cp) and lean (þ/?), were raised in an established breeding colony at the University of Alberta, as previously described (3) . Rats were weaned at 6 weeks, and allowed to age until week 8. MetS rats were randomly allocated to one of three diets (Table 1) ; a control hypercholesterolaemic isoenergetic lipid-balanced diet (LBD; n 8); a LBD supplemented with 5% (n 8) or 10 % (n 8) fish oil (Table 1) for 16 weeks. Lean rats (n 8), of the same age, were fed the control LBD diet (Table 1) for 16 weeks. Food consumption and body weight were recorded throughout the study. At 24 weeks of age, rats were fasted overnight and killed under isoflurane anaesthesia. Liver, kidney and peri-renal fat pads were weighed and snapfrozen in liquid N 2 at 2 808C, for subsequent analysis where appropriate. Animal care and experimental procedures were conducted in accordance with the Canadian Council on Animal Care and approved by the University of Alberta Animal Care and Use Committee (ACUC-Livestock).
Urine samples
Following 16 weeks of feeding, rats were euthanised in the fasted state and urine samples were collected. Urine albumin and creatinine concentrations were measured using immunoturbidimetric and Jaffé methods, respectively (5, 38) . The laboratory CV for albuminuria test was 8·0 (level 1) and 3·2 % (level 2).
Renal histology
After killing, the left kidney from all animals was excised and fixed in formalin. After conventional processing, kidney sections were examined to quantify glomerulosclerosis, as per the method of Schäfer (39) . In brief, each kidney was divided along the long axis, fixed, sectioned and stained with haematoxylin and eosin (5) . For each kidney, ten random fields were viewed (£ 4 objective) and recorded digitally. A total of eight complete glomeruli in each field of view were blindly scored as sclerotic (mild-to-severe glomerular sclerosis) or normal (minimal sclerosis or normal). The fraction of sclerotic glomeruli was calculated for each kidney and data represented as the average incidence of sclerotic glomeruli in each kidney.
Eicosanoid analysis
Lyophilised tissue (45 mg) from the right kidney was homogenised on ice in 1·25 ml of freshly prepared Tyrodes buffer (40) . After homogenisation, Triton X-100 (Fisher Scientific) was added and mixed to achieve a final concentration of 0·01 %. Endogenous eicosanoid levels and in vitro production were determined in aliquots (200 ml) under the following conditions: (1) 0 min for determination of endogenous levels and (2) 10 min at 378C for determination of in vitro production, as described (40) . Reactions were stopped with 1 % formic acid in methanol and eicosanoids extracted in acidified methanolwater -ethanol (5:10:1, by vol.) containing 10 ml of antioxidant solution (0·2 mg/ml butylated hydroxytoluene, 0·2 mg/ml EDTA, 2 mg/ml triphenylphosphine, 2 mg/ml indomethacin in a solution of 2:1:1 methanol -ethanol-water). An internal standard mix consisting of 7·5-25 ng of 2 H-labelled standards (mentioned later) was added. After centrifugation, supernatants (pH , 3·0) were applied to Strata-X SPE columns (Phenomenex) pre-conditioned with methanol and water (pH 3). After loading, columns were washed in 10 % methanol in water (pH 3) and samples eluted with 100 % methanol (41) . Liquid chromatography tandem MS (liquid chromatography/ MS/MS) was performed based on the method described by Deems et al. (41) . Dried down samples were re-suspended in water -acetonitrile -formic acid (70:30:0·02, by vol., solvent A) and eicosanoids separated by reverse-phase HPLC using a C18 column (Luna, 250 £ 2·0 mm, Phenomenex) at a flow rate of 300 ml/min. The column was equilibrated in solvent A and samples were eluted with a linear gradient from 0 to 20 % solvent B (acetonitrile-isopropyl alcohol, 50:50; v/v) for 11 min, then increased to 100 % by 13 min and held until 16 min, then dropped to 0 % by 16 min and held until 19 min. The HPLC was coupled to a triple quadrupole tandem mass spectrometer (API 2000) with electrospray ionisation source (Applied Biosystems). Eicosanoids were analysed via multiple-reaction monitoring in negative ionisation mode. Mass transitions of 2 H-labelled standards and eicosanoids were as follows: 5-HETE-d 8 Quantification of eicosanoids was determined using the stable isotope dilution method (42) .
Statistical analysis
Data were tested for normal distribution and differences between the MetS control (cp/cp LBD) compared with the lean control (þ/? LBD) group were analysed using the unpaired t test (P, 0·05). Statistical differences between the MetS fish oil treatment (5 and 10 %) groups compared with the MetS control (cp/cp LBD) group were analysed by one-way ANOVA followed by Tukey's post hoc tests, with significance set at P , 0·05 (Sigma Stat, Jandel Scientific and GraphPad Prism, GraphPad Software Inc.). For data that could not be normalised by logarithmic transformation, the Kruskal -Wallis test was used. All results are shown as means with their standard errors.
Results
Liver, kidney and peri-renal fat pad weight Untreated MetS rats had significantly greater liver weight (2-fold; P , 0·05), compared with the lean control rats ( Table 2) . MetS rats fed a 5 % fish oil diet for 16 weeks had significantly lower liver weight (229 %; P , 0·05), compared with the untreated MetS rats ( Table 2 ). Relative to lean control rats, untreated MetS rats had significantly increased kidney weight (27 %; P , 0·05) ( Table 2 ). There was no significant difference in kidney weight of either 5 or 10 % fish oil groups (Table 2) , when compared with the untreated MetS rats. Compared with the lean group, all MetS groups had a higher peri-renal fat pad weight and ratio of peri-renal fat pad weight to body weight (5-to 11-fold increase) ( Table 2 ). However, relative to untreated MetS rats, both 5 and 10 % fish oil-treated rats had significantly lower perirenal fat pad weight (2 34 to 57 %; P , 0·001) ( Table 2 ) and ratio of peri-renal fat pad weight to body weight (2 27 to 47 %; P , 0·01) ( Table 2 ).
Urinary biochemical profile
Urinary albumin/creatinine concentrations were markedly higher (78·5-fold; P , 0·001) in untreated MetS rats compared with the lean control rats ( Fig. 1) , consistent with previously published work by our group (5) . After 16 weeks of feeding, rats fed the fish oil diet (5 or 10 %) had lower urine albumin excretion compared with the untreated MetS rats (253 and 2 70 %, respectively; P , 0·01 and P , 0·001) ( Fig. 1 ).
Glomerulosclerosis
Untreated MetS rats exhibited a substantial increase in the frequency of glomerulosclerosis compared with the lean control rats (6·4-fold; P , 0·001) ( Fig. 2) and is consistent with previous studies using this rat model (5) . Further, untreated MetS rats exhibited a greater severity of glomerulosclerosis and interstitial inflammation compared with their lean counterparts (Fig. 2) . MetS rats treated with 5 % fish oil had a significant reduction in the fraction of sclerotic glomeruli (243 %; P , 0·001), relative to the untreated MetS group (Fig. 2) . A similar significance was not achieved in the 10 % fish oil group. Intriguingly, sporadic tubular damage was observed in kidneys of MetS rats fed the 10 % fish oil diet ( Fig. 2(b-e) ).
Renal eicosanoid levels and in vitro production
The levels of 11-HETE and 12-HETE were 71 and 109 % higher, respectively, in untreated MetS compared with the lean rat kidneys ( Fig. 3(d) and (e)). These levels were reduced by fish oil feeding to similar values observed in lean rats fed the control diet. Renal 15-HETE levels followed the same pattern ( Fig. 3(f) ), with the exception that the difference between MetS and lean rats was not significant (P¼ 0·0885). As 15-HETE is produced by both COX activity (along with 11-HETE) and by 12/15 LOX activity (along with 12-HETE) (43 -46) , the levels of these combined HETE were also analysed. Both 11-and 15-HETE, as well as 12-and 15-HETE, were higher by 73 and 99 %, respectively, in MetS compared with lean rat kidneys ( Fig. 3(g) and (h) ). These combined levels were also reduced by the fish oil diet in MetS rats to levels similar to those in lean control rats. While the levels of other detectable HETE (5-, 8-and 9-HETE, Fig. 3(a) -(c)) in the kidney were not altered by genotype, fish oil treatment did reduce 5-and 9-HETE levels in MetS rats. Corresponding HEPE derived from EPA were not detected, nor was there significant production of HETE detected in vitro.
Endogenous prostanoids in kidneys were not different between untreated MetS and lean control rats (Table 3 ). However, fish oil feeding resulted in marked reductions of the 2-series prostanoids. Of these prostanoids, 6-keto PGF 1a , TxB 2 , PGF 2a and PGD 2 were reduced by approximately 60 % in the MetS rats fed the 10 % fish oil diet compared with the untreated MetS rats. Kidneys from rats fed the 5 % fish oil had 40 -50 % lower levels of TxB 2 and PGF 2a (Table 3 ) compared with the untreated MetS group. Interestingly, both fish oil diets resulted in the appearance of the 3-series prostanoids PGE 3 and PGD 3 , which were not detectable in kidneys from untreated MetS rats.
When in vitro production of eicosanoids was examined, only prostanoids were produced and subsequently used to assess COX activity. Consistent with endogenous levels, in vitro production of renal prostanoids was not affected by genotype, but dietary fish oil markedly reduced COX activity in MetS rats in both the 5 and 10 % fish oil groups, compared with the LBD group (Table 3 ). COX activity, as measured by four out of five prostanoids, was reduced by 63 -99 % in the 10 % fish oil group, with lesser effects in the 5 % fish oil group. Overall, COX activity was reduced in kidneys by 72 % in the 5 % fish oil group and by 78 % in the 10 % fish oil group, compared with the kidneys from untreated MetS rats (Table 3 ).
Discussion
The purpose of the present study was to examine whether a long-term fish oil-supplemented diet would improve renal function and glomerulosclerosis in the MetS JCR:LA-cp rat model. A secondary objective was to investigate the corresponding renal eicosanoid profile and the effects of dietary fish oil on eicosanoid levels. The present findings show that chronic fish oil feeding can improve renal pathology and normalise the elevated HETE levels associated with the MetS in the JCR:LA-cp rat.
Urinary albumin is an indicator of renal microvascular damage, and often reflects elevated glomerular permeability and inability to retain albumin (47) . Glomerulosclerosis is a major cause of end-stage renal failure in diabetic and obese individuals, impairing the filtering process and allowing protein to leak into the urine (48) . In the present study, JCR:LA-cp rats fed fish oil had significantly less albuminuria, glomerulosclerosis and obesity. These results are consistent with previous studies of dietary fish oil in other models of renal disease. Diabetic KKAy/Ta mice injected intraperitoneally with EPA ethyl ester (1 g/kg per d) had attenuated glomerulosclerosis, mesangial matrix accumulation, tubulointerstitial inflammation and albuminuria (49) . In a model of focal glomerulosclerosis, a fish oil-enriched diet substantially lowered urine albumin excretion, probably reflecting a lower severity of kidney disease (50) . In human studies of diabetic nephropathy, reduced albuminuria is the most common, although not consistent, finding with fish oil supplementation (37) . The beneficial effects of fish oil on renal injury in the JCR:LA-cp model may be due to the improvement in hyperlipidaemia and insulinaemia previously reported from this study (12) , as high circulating levels of lipids and insulin cause renal damage (7, 8, 10, 11) .
Dietary fish oil also could be nephroprotective via alterations in eicosanoid metabolism. Eicosanoids are biologically active molecules that play important and sometimes opposing roles in kidney function (15, 27) . PGD 2 , PGE 2 and HETE are generally associated with pro-inflammatory effects, but PGE 2 as well as PGI 2 also are vasodilators and are important in maintaining normal renal plasma flow (51, 52) . PGE 2 is also involved in the regulation of Na re-absorption and renal cell over-proliferation and formation of fibrous tissue (14, 53, 54) . Thromboxane A 2 and 12-HETE are known to be vasoconstrictors that are involved in the pathogenesis of hypertension associated with long-term renal failure (30, 55) , as well as being elevated in models of diabetic nephropathy (21 -23) .
The present findings in the JCR:LA-cp rat demonstrate that elevated renal HETE levels are associated with renal pathology in the MetS, supporting previous studies that indicated the importance of elevated HETE in other forms of renal injury (21 -23) . Several studies have shown that by blocking the levels of the 12/15 LOX enzyme using inhibitors or gene knockout strategies, glomerular volume, mesangial cell hypertrophy, extracellular matrix formation and proteinuria can be reduced in models of diabetic nephropathy (24 -26,43) . The similar effect of fish oil on HETE levels in the JCR:LA-cp rat indicates that these eicosanoids may also be key mediators of renal pathology associated with the MetS.
In contrast to the elevated HETE levels in MetS rat kidneys, renal prostanoid levels were not altered. This may have been due to the relatively early stage of renal injury present in this model, which would indicate that HETE alterations occur earlier in disease progression than perturbations in prostanoid levels. Nevertheless, dietary fish oil also reduced the endogenous levels and in vitro production of most prostanoids. The reduced levels of the 2-series prostanoids and HETE are consistent with previous reports that demonstrated that dietary n-3 PUFA can inhibit the production of eicosanoids derived from ARA. In these kidneys, the only eicosanoid products derived from n-3 PUFA detected were PGD 3 and PGE 3 , demonstrating selectivity for the eicosanoids produced from EPA. Previous studies have shown that n-3 PUFA reduce the expression of COX messenger RNA and protein both in vivo and in vitro (44 -46) . n-3 PUFA accumulate in the plasma membrane and partially replace ARA as substrates for COX and LOX, resulting in reduced products from ARA and enhanced production from EPA (56, 57) . Both protective and detrimental 2-series prostanoids were reduced in rats treated with fish oil, so their overall effect on the kidney is difficult to assess. However, the 3-series prostanoids tend to be much less bioactive (28 -30) , so the reduction of ARA-derived products in combination with the enhanced EPA-derived eicosanoids would probably have decreased the overall bioactivity of the eicosanoids present in rats treated with fish oil. Mean values were significantly different from that of the MetS control: * P , 0·05, ** P,0·01, *** P , 0·001.
Caution regarding the use of high levels of fish oil for the treatment of kidney injury in the MetS is warranted, as the 10 % fish oil diet resulted in higher levels of tubular damage. Few studies have reported adverse effects of high-dose fish oil on the kidney, but the BHE/Cdb rat model of diabetic nephropathy also had worsened glomerular histopathology and shortened lifespan when given 9 % fish oil (58) . The pcy mouse model of adolescent nephronophthisis also exhibits greater fibrosis and cyst growth when given high levels of dietary long-chain n-3 PUFA (59, 60) . It is possible that whilst attenuation of HETE, which were elevated in the kidneys of MetS rats, may reduce renal damage, the reduction of protective 2-series prostanoids in the rats provided 10 % fish oil could have had detrimental effects on the development of renal pathology. It is not clear why the detrimental effect of 10 % fish oil is observed specifically with glomerulosclerosis and not with albuminuria, but may point to a greater sensitivity to lower prostanoid levels. Whilst treatment with drugs that inhibit prostanoid formation ameliorate kidney dysfunction in some models (61 -63) , nephrotoxicity from prostanoid inhibitors has also been documented (15, 64) . Hence, simultaneous analysis of both prostanoids and HETE is important in order to obtain a more comprehensive understanding of potential eicosanoid roles in renal injury.
Concluding remarks
The findings of the present study offer evidence of the importance of elevated HETE levels in renal injury in the MetS. Furthermore, supplementation of moderate levels of n-3 PUFA derived from fish oil in the JCR:LA-cp MetS rat reduces disease progression. We propose that long-term dietary intake of fish oil may improve glomerulosclerosis and kidney dysfunction associated with elevated renal HETE levels in the MetS.
